The insulin effect, evaluated with the euglycaemic clamp technique, was studied before and after hypoglycaemia in 7 patients with Type 1 (insulin-dependent) diabetes. Following an initial 2 h clamp (clamp I) hypoglycaemia was induced and 2 h later a second clamp (clamp II), identical to the former, was performed. Each subject was studied twice; during infusion with saline (placebo) or propranolol. Glucose production and disposal were studied with the 3(3H)glucose technique. During placebo infusion, hypoglycaemia elicited an insulin resistance leading to approx. 50% reduction in the steady state glucose infusion rate during clamp II as compared to clamp I (clamp I 2.58+0.32, clamp II 1.26_+ 0.08 mg.kg-l.min -1, p<0.02). The insulin resistance was prevented by infusing propranolol (clamp I 2.29_+0.29, clamp II 2.85 -4-0.56 mg. kg-1. rain-1). The posthypoglycaemic insulin resistance was due to a less pronounced insulin effect on both glucose production (clamp I 0.29+0.21, clamp II 0.86+0.19 mg.kg-l.min -1, p<0.05) and glucose utilisation (clamp I 2.84_+0.26, clamp II 2.13_+0.23 rag. kg-1. min-l, p < 0.05). The insulin resistance on both glucose production and utilisation was prevented by propranolol. Thus, the present study demonstrates that hypoglycaemia elicits a prolonged insulin resistance which is due to a less pronounced effect of insulin to both inhibit splanchnic glucose production and to stimulate peripheral glucose utilisation. The insulin resistance is due to fl-adrenergic stimulation and can be prevented by propranolol.
Instability of the metabolic control is a common problem in Type 1 (insulin-dependent) diabetes. Episodes of hypoglycaemia may frequently be followed by periods of hyperglycaemia. Different mechanisms for the posthypoglycaemic hyperglycaemia, the so-called Somogyi effect, have been proposed. Somogyi himself [1] suggested that increased release of adrenaline was probably the most important reason. However, hypoglycaemia also leads to the release of other counterregulatory hormones, such as glucagon, cortisol and growth hormone [2, 3] , all of which influence glucose turnover and tend to increase glucose levels [4, 5] .
Waning of the insulin effect, rather than an effect 'of the counterregulatory hormones per se, may cause the posthypoglycaemic hyperglycaemia. This possibility is supported by the observation that no correlation was found between the release of counterregulatory hormones and the subsequent rise in blood glucose levels [6, 7] . Excessive carbohydrate intake in connection with the hypoglycaemia would further augment the tendency for hyperglycaemia.
The goal of modem diabetes treatment is to intensify metabolic control. However, with the current therapeutic arsenal hypoglycaemic episodes may then become a frequent problem [8, 9] . It is, therefore, important to clarify the mechanisms responsible for the rebound hyperglycaemia and to establish means whereby it can be prevented. The present study was carried out to test the hypothesis that hypoglycaemic episodes are followed by insulin resistance which may be important for the rebound hyperglycaemia. The euglycaemic clamp technique has been used to quantify the insulin effect in order to avoid the influence of high glucose levels on glucose production and uptake.
Subjects and methods

Subjects
Seven Type 1 diabetic patients, characterised according to the criteria of the National Diabetic Data Group [10], were studied. The postabsorptive plasma C-peptide levels were 0.02 nmol/1 or lower in all patients. They were all treated with continuous subcutaneous insulin infusion (Nipro SP3, Meda AB, Gothenburg, Sweden and Nordisk Infuser, Nordisk Gentofte, Copenhagen, Denmark) for 2-24 months. None of the patients had any clinical or laboratory evi- Fig.l. Experimental design. The subjects were either treated with saline (placebo) or propranolol from the beginning of euglycaemic clamp I throughout the length of the study dence of autonomic neuropathy demonstrable with the immediate heart-rate response to standing [11] or heart-rate variations to deep breathing [12] . Their metabolic control was considered good and was continuously evaluated with home glucose monitoring and HbAlo levels. The characteristics of the patients are shown in Table 1 . Informed consent was obtained from all subjects and the study was approved by the Ethical Committee of the University of Gothenburg.
Infusions
All infusions were made through a catheter in a cubital vein. Arterialised blood samples were drawn from a dorsal hand vein in the contralateral arm. Both arms were warmed with electrical pads to increase the blood flow. Insulin (Actrapid MC, Novo, Copenhagen, Denmark) was infused at a concentration of 40 mU/ml in isotonic saline with 4 mg/ml albumin added to prevent glass adhesion. Glucose (1.11 mol/1) was infused at variable rates in the same catheter as the insulin. Potassium chloride (0.1 mmol/ml) was infused at a rate of 7 mmol/h to prevent hypokalaemia. Placebo (saline) or propranolol (5 mg intravenously followed by 4.8 mg/h) were infused in the same catheter as the insulin and glucose. Rates of glucose appearance and disposal were determined by the infusion of D-(3-3H) glucose (New England Nuclear, Boston, Mass, USA) dissolved in saline, A primed infusion of 25 ~tCi was given followed by a constant infusion of 15 lxCi/h.
Study design
The design of the study is shown in Figure 1 . Continuous subcutaneous insulin infusion was interrupted at 21.00 hours the evening before the study. The blood glucose levels were checked during the night and regulated with a slow continuous intravenous insulin infusion. On the morning of the study, at 08.00 hours, the patients were admitted to the laboratory in the postabsorptive state and D-
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(3-3H)glucose was infused for 120 min to achieve isotopic equilibration. Euglycaemia was maintained during this equilibration period by a slow intravenous insulin infusion (placebo 10 + 1, propranolol ll• A euglycaemic clamp (clamp I) was then started with a primed insulin infusion for 10 min as described by DeFronzo et al. [13] followed by a constant infusion of 0.5 mU.kg -1. min -~ for 120 min. Arteriaiised venous blood was used to measure the glucose concentration every 5 min with a reflectometer (Reflomat, Clinicon International, Mannheim, FRG, correlation with glucose levels with the glucose oxidase technique; r= 0.99). The rate of glucose infusion was then adjusted to maintain the glucose levels at 4.5 retool/1. The clamp was performed for 120 min. The glucose infusion was then stopped and the insulin infusion rate increased to 2.5 mU-kg -1. min -a for 10 min to induce hypoglycaemia. Following this, the insulin infusion rate was for 100 min reverted to that which was used to maintain euglycaemia during the isotopic equilibration period. The glucose levels were continuously followed with the reflectometer during the hypoglycaemia and the glucose counterregulation. Ninety min after the induction of the hypoglycaemia glucose was given for 10 min to restore euglycaemia (4.5 mmol/l). After 10 min stabilisation a second euglycaemic clamp (clamp II), identical to the first, was performed. Each subject was studied twice in a randomised order with infusion of saline (placebo) or propranolol (5 mg intravenously followed by 4.8 mg/h). The saline and propranolol infusions were started at the beginning of clamp I and were continued throughout the study. The two studies were performed with at least a 4 week interval. The coefficients of variation for the glucose levels during the clamps were; placebo clamp I 3.7+0.6, clamp II 6.6 _+ 0.6; propranolol clamp I 5.5 ___ 0.8, clamp II 5.6 + 0.8%.
Analytical procedures
During the isotopic equilibration period blood samples were taken before (at zero time), after 80 rain and every 20 min thereafter for chemical determination of glucose and measurement of specific activity. Blood samples for the determination of levels of free insulin, catecholamines, glucagon, cortisol and growth hormone were drawn as shown in the Results. All samples were kept on ice, rapidly centrifuged and the plasma stored at -20 ~ until analysed.
The glucose levels shown in the Results were determined with the glucose oxidase technique (Kabi Diagnostics;, Uppsala, Sweden). Measurements of the specific activity of glucose were performed on the samples after deproteinisation of plasma with Ba(OH)2 and ZnSO4 and evaporation at 40~ The samples were counted in a Packard Liquid Scintillation counter for 20 min. The free insulin levels were determined on the supernatant of polyethyleneglycol-treated samples [14] with a radioimmunoassay technique (Phadeseph Insulintest, Pharmacia, Uppsala, Sweden). C-peptide was measured with a radioimmunoassay technique (Novo, Denmark). Glucagon was assayed with antiserum E7 [15] . This antiserum, which recognises the carboxy-terminal region of glucagon, has been characterised with antiserum 30K as reference [16] . Catecholamines were de- 
Calculations
The rates of glucose production (Ra) and utilisation (R~) were calculated with the non-steady-state equations of De Bodo et al. [19] . This method assumes that rapid changes in the specific activity and concentrations of glucose do not occur uniformly within the entire glucose pool. To compensate for non-uniform mixing, the non-steadystate term of the equation was multiplied by a correction factor (pool fraction) of 0.65 [20, 21] . During the glucose infusions the rate of R~ was calculated by subtracting the rate of infusion of exogenous glucose from the tracer-determined total rate of glucose production. As glucose utilisation reached steady-state during the second hour of each clamp, the results during that period have been used in the calculations.
Stat&tical analysis
Data are shown as means + SEM. Significances of differences were evaluated by Student's t-test for paired data.
Results
Hypoglycaemia
The glucose levels were similar in the two studies at the end of clamp I (placebo 4.4__+0.1, propranolol 4.0+ 0.2 mmol/1). After stopping the glucose and increasing the insulin infusion, the blood glucose levels decreased rapidly and nadir was reached 20 rain after the high insulin infusion rate had been stopped (Fig.2a) . The mean glucose nadir levels were similar in both studies (placebo 1.9 + 0.1, propranolol 1.9 + 0.2 mmol/1). However, glucose had to be given to one of the patients during propranolol infusion as spontaneous glucose recovery did not occur.
The levels of free insulin were similar in the two groups both before the hypoglycaemia, i.e. at the end of clamp I (placebo 23 + 1, propranolol 25 + 1 mU/1), during the high insulin infusion rate which induced the hypoglycaemia (placebo 92+10, propranolol 89+ 13 mU/1) as well as during the recovery phase (Fig.Za) .
The adrenaline levels were also similar before the study. The highest adrenaline levels were measured 20 min after glucose nadir and they were significantly higher during infusion of propranolol than in the placebo group (placebo 2.20 + 0.35, propranolol 7.14 + 1.4 nmol/1, p < 0.02) (Fig. 2b) . The fasting glucagon levels were similar in both groups. The highest lev- els, similar to adrenaline, were measured 20 min after glucose nadir. The growth hormone levels were significantly higher (p <0.05) during propranolol infusion, while no difference between the groups was seen for cortisol (Fig. 2 c) .
Euglycaemic clamps
The I). The free insulin levels remained stable during the clamps and were similar in both groups (Fig. 3) . The insulin effect, measured as steady state glucose infusion rate (SSGIR), was significantly (p< 0.02) lower in the placebo group after hypoglycaemia (clamp II 1.26_+ 0.08 rag. kg -1. rain -t) when compared to before the hypoglycaemia (clamp I 2.58+0.32mg. kg -tmin-1) (Fig. 4 a) . However, SSGIR was similar both be- fore and after the hypoglycaemia during propranolol infusion (clamp I 2.29+0.29, clamp II 2.85_+ 0.56 mg. kg-t. min-t) (Fig. 4 a) .
Glucose production
Ra was similar in both groups before clamp I (placebo 2.15+0.21, propranolol 2.00+0.22 mg.kg-t.min -t) (Fig.4b) . During clamp I glucose production decreased correspondingly in both groups (placebo 0.29+0.21, propranolol 0.31 +0.17 mg.kg -t.min-t). However, after the hypoglycaemia glucose production was elevated in the placebo group (clamp II 0.86_+ 0.19 rag. kg -t. min -t) and was significantly (p< 0.05) higher than during clamp I. Such an increase in glucose production was not seen if propranolol was infused (Fig. 4b) .
Glucose utilisation
Rd increased to a similar extent in both groups during clamp I (Fig.4b) . However, in the placebo group Rd was significantly lower after than before the hypoglycaemia (clamp I 2.84+0.26, clamp II 2.13 +0.23 mgkg -1. min-t, p< 0.05). This insulin antagonistic effect of the hypoglycaemia on glucose utilisation was not seen during propranolol infusion (Fig.4b) . The counterregulatory hormone levels were, with the exception of adrenaline, similar during both clamps in the placebo group (Table 2) . However, the adrenaline levels were slightly elevated following the hypoglycaemia (Table 2 ). This was even more pronounced in the propranolol group where the growth hormone levels were also significantly higher during clamp II as compared to clamp I (Table 2) .
Heart rate
The heart rates before the clamps were similar in both groups (placebo 63 + 4, propranolol 66 + 4 beats/rain). The heart rate increased during hypoglycaemia when placebo was infused (maximal rate 84_+2 beats/min) but actually decreased when propranolol was infused (55 + 3 beats/rain).
Discussion
The present study clearly shows that hypoglycaemia in Type I diabetic patients is followed by a prolonged insulin resistance. The insulin resistance is, at least in this early phase, due to fl-adrenergic stimulation and affects both glucose production and utilisation. The clinical importance of this posthypoglycaemic insulin resistance has recently been documented by Perriello et al. [22] who found elevated glucose leveIs following a nocturnal hypoglycaemia particularly in the postprandial state. The typical hypoglycaemic episode in the awake Type I diabetic patient is of relatively short duration since the patients ingest carbohydrates as soon as possible to restore normoglycaemia. The design of the present study, where glucose was given to normalise the glucose levels seems, therefore, appropriate and relevant for the normal clinical situation. The insulin concentrations used in the clamps were also low and similar to the levels frequently seen in Type 1 diabetic patients during both conventional insulin therapy and continuous subcutaneous insulin infusion [23, 24] .
Spontaneous glucose counterregulation was slow in these Type 1 diabetic patients as compared to a recent study of similar design in non-diabetic subjects [25] . The fact that glucose counterregulation is impaired in Type 1 diabetes is in accordance with a number of previous studies [7, [26] [27] [28] [29] [30] . A further deterioration was found during infusion of propranolol. This has also been reported in several recent studies [28] [29] [30] . The levels of counterregulatory hormones increased during the hypoglycaemia in both groups. As expected, the increase of adrenaline was more pronounced during propranolol infusion. This is due to a lower clearance rather than an increased release [31] . The growth hormone levels were also higher during the hypoglycaemia in the propranolol group. This is probably due to the higher adrenaline levels and an enhanced a-receptor stimulation. Similar results have been found during hypoglycaemia with both the relatively cardioselective (ill)-and the nonselective (131 +/32)-antagonists [32] [33] [34] .
The insulin effect on glucose disposal remains unchanged or even increases with time during a euglycaemic clamp [35] . Thus, the insulin resistance seen in the placebo group during clamp II must have been elicited by the hypoglycaemia. The elevated insulin infusion used to induce the hypoglycaemia can also be disregarded in this respect. This is supported by the control experiments in a similar study in healthy subjects where the same insulin dose was given but hypoglycaemia was prevented [25] . The fact that propranolol prevented the development of the insulin resistance further corroborates this.
The early posthypoglycaemic insulin resistance can thus be entirely explained by an increased/3-adrenergic stimulation during hypoglycaemia. The adrenaline, but not noradrenaline, levels were slightly higher during clamp II as compared to clamp I in both groups. However, the levels were probably much too low to make any important contribution to the insulin resistance [36] . A more likely possibility is a sustained insulin-antagonistic effect of the elevated catecholamine levels. Studies in vitro have shown that catecholamines can inhibit insulin binding to both rat [37, 38] and human fat cells [391 and that this effect becomes more pronounced with time [37] . Insulin-stimulated glucose transport is also decreased by/3-adrenergic stimulation [40-421. The insulin resistance induced by hypoglycaemia encompassed both glucose production and glucose utilisation. Corresponding results with an insulin-antagonistic effect of/3-adrenergic stimulation on both glucose production and utilisation during a euglycaemic clamp have recently been obtained in healthy subjects [43] .
Glucagon is of major importance for glucose counter-regulation during hypoglycaemia [2, 3] . However, the release of this hormone is impaired in Type 1 diabetic patients; this is one important reason for the slower glucose recovery in these patients [26, 27] . The impaired glucagon release makes it unlikely that this hormone significantly contributes to the posthypoglycaemic insulin resistance in Type 1 diabetes. The results of the present study are clearly in agreement with this concept.
Both cortisol and growth hormone have insulin-antagonistic effects and could, therefore, be of importance for posthypoglycaemic insulin resistance [44, 45] . However, since the cortisol levels were similar in both treatment groups and the growth hormone levels higher in the propranolol group these hormones do not appear to significantly contribute to the insulin resistance under the current experimental conditions. However, there is a time lag of 2-3 h before the insulin-antagonistic effect of growth hormone becomes apparent [46] . This hormone may, therefore, become important at a later stage.
In conclusion, hypoglycaemia is followed by a prolonged and marked insulin resistance which is due to /%adrenergic stimulation. This insulin resistance may provide an important explanation for the posthypoglycaemic hyperglycaemia. Further studies in progress are aimed at evaluating the clinical usefulness of treating Type 1 diabetic patients with an appropriate/3-blocking agent.
